Abstract: Phase behavior in a water/lysophospholipid system was investigated. A hydrated solid phase is observed at low temperature. Above the melting temperature of the hydrated solid a micellar phase at low surfactant concentration and a liquid crystalline phase at high surfactant concentration were observed. Similarly to poly(oxyethylene)-type nonionic surfactant systems, clouding behavior takes place at high temprature. The concentration of micelle-liquid crystal transition shifts to higher surfactant concentration in acidic or basic condition, but polyhydric alcohol addition does not affect very much on this transition point. The effect of added inorganic salts on the phase behavior was also studied, and the change in melting temperature of the hydrated solid and the cloud point shows a trend of the order of Hofmeister series. At room temperature a solid phase and an aqueous phase are equilibrated and one can obtain rather stable froth by shaking the sample that may be stabilized by the adsorption of solid dispersions on the air-water interface. The effect of inorganic salts on the froth stability in the water/lysophospholipid system was studied. The inorganic salts with salting-out effect improved froth stability.
INTRODUCTION
Phospholipids have been used as a moisturizer, emulsifier or dispersant in the cosmetic field due to the benefit of its safety for human body. Especially the use of phospholipid liposomes is efficient for encapsulating useful staffs and controlled release [1] [2] [3] [4] . Lysophopholipids are obtained from phospholipids by the removal of a fatty acid group. Conventional amphoteric or zwitterionic surfactants such as alkyl betaines and acyl amino acids have been studied with respect to the solution properties and adsorption behavior. These surfactants can adsorb onto both negatively charged and positively charged surfaces since they carry both positive and negative charges. The solution or interfacial properties are often influenced by pH of the solution except for sulfobetaines 5) . For such interesting properties amphoteric surfactants are used for cosmetic and toiletry formulations. Lysophospholipids are also a class of the amphoteric surfactants. It was reported that lysophopholipids have higher HLB value, lower surface tension and interfacial tension than phospholipids depending on the degree of hydrolysis, and these parameters become constant values when the degree of hydrolysis exceeds 80% 6 , 7 ) . Moreover it was reported that lysophopholipid was rarely influenced by pH, and hence, emulsification stability against pH change was improved by using it as an emulsifier 8) . Froths are the dispersion of gas bubbles in small amount of liquid and widely applied for personal care and household products, food, and cosmetics, fire fighting, enhanced oil recovery, and others 9, 10) . For such applications, stable froths are highly demanded. Generally, surfactants are used to obtain stable froths. However, sometime stable froths can be obtained by adsorbing small particles at the surface. These small particles may cover the froth bubbles and reduce the diffusion of gas, resulting stable froth. Moreover, the presence of colloidal particles between froth bubbles prevents the film from rupturing due to the collision between the bubbles during the bubble compaction. It has been reported that small solid particles adsorb at the air-liquid interface, and hence, are regarded as emulsifiers of oil and water 11) . Furthermore, the frothing properties of dilute aqueous solutions could be improved by adding a small amount of small solid particles such as silica particles [12] [13] [14] . The stability of such froths was influenced by the size of the particle, concentration, hydrophobicity, and nature of the surfactant used [15] [16] [17] [18] . Instead of using inorganic particles, it is also possible to obtain stable froths with particles composed of organic molecules. Surfactant liquid crystal dispersions have been reported to improve the froth stability in both aqueous and nonaqueous systems [19] [20] [21] [22] [23] [24] . Lamellar liquid crystal has high viscosity and could stabilize froth by decreasing liquid drainage. The dispersion of lamellar liquid crystalline phase in combination with hydrated solid phase could stabilize the nonaqueous froths for several hours 25) . It has also been found that hydrated solid dispersions themselves are very efficient in emulsion and froth stabilization [26] [27] [28] . However there is no report on the stabilization of froths by the help of hydrated solid formed in aqueous lysophospholipid system.
In this study we investigated the phase behavior in water/lysophopholipid system with electrolytes and polyhydric alcohols by visual observation and small and wide angle X-ray scattering. We also evaluated the froth stability in water /lysophopholipid system.
EXPERIMENTAL

1
Lysophopholipid was obtained from Nippon Fine Chemicals Co. LTD. Lysophopholipid was hydrolyzed phospholipid composed of 70% phosphatidylcholine, 30% phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine, phosphatidic acid. The degree of hydrolysis is 90%. Sodium chloride, potassium chloride, magnesium chloride, sodium bromide, sodium iodide and sodium thiocyanate were obtained from Junsei Chemical Co. LTD., Tokyo. Glycerol, propyleneglycol and 1,3-butanediol were obtained from Wako Pure Chemical Industries, Ltd., Tokyo. Borate standard solution (pH=9.18) and phthalate standard solution (pH=4.01) were obtained from DKK-TOA Co., Tokyo.
2
Sealed ampoules containing required amount of reagents were homogenized and the phase state was observed visually in water bath at a fixed temperature.
3
X-ray scattering measurement was performed on a Kratky-type small angle scattering camera (SAXSess Anton Paar, Austria). Cu-Ka (l=0.1542 nm) radiation was used. An image plate was used as a detector and the intensity of the scatterd X-ray depending on the scattering angle was detected by Cyclone image plate reader (Perkin Elmer Co.).
4
The particle size was measured by a laser diffraction scattering device (SALD-7000, Shimadzu Co.). The particle size distribution was calculated by applying Mie scattering theory (or Fraunhofer theory) to the photo-intensity pattern.
5
The froth stability was measured by using Frothscan (I.T.Concept Co., France). The nitrogen gas was infused to the liquid sample through a porous plate at the bottom of the sample until the froth volume reached to 120 mL in the cylinder over the liquid sample. The froth volume was measured in the image captured by a video camera.
RESULTS AND DISCUSSION
1
indicates the phase behavior in a water/ lysophopholipid system as functions of the lysophopholipid concentration and temperature. At low temperature two phase equilibrium of a hydrated solid phase and a transparent liquid phase (S+L) are observed. The hydrated crystal melts around 50 which is not dependent very much on the surfactant concentration as similar as other conventional surfactant systems. Above 10% of surfactant, liquid crystalline phase (LC) is formed. With the increase in the temperature the micellar phase (W m ) becomes nontransparent, and this phenomenon is the same as that often observed in poly(oxyethylene)-type nonionic surfactant systems.
Fig. 1 Phase Diagrams in Aqueous Lysophospholipid
Systems. W m , S, L and LC indicate micellar phase, solid phase, liquid phase and liquid crystalline phase, respectively. II indicates the region giving turbid samples being possible two liquid phase equilibria.
Phase Behavior and Froth Stability in a Water/Lysophospholipid System
The microstructures of different phases were characterized by X-ray scattering method, and the spectra obtained from 10 wt% and 50 wt% samples at 25 and 60 are shown in . Two wide angle X-ray peaks at q=13.7, 15.2 nm -1 for both samples at 25 indicate that the structure of the hydrated solid is b-type crystal. In the small angle region only a single peak is observed for the 10 wt% sample whereas two sharp peaks appear for the 50 wt% sample. At 60 a broad peak is observed for the micellar phase sample and two peaks for the liquid crystalline phase. However the relative interlayer spacing ratio for the two peaks for the 50 wt% sample at 60 is 1:1.8, suggesting the coexisting of two different liquid crystals instead of existing of a single structure.
2
The effect of pH on the phase behavior in the water/lysophopholipid system was investigated. The phase diagrams with borate standard solution (pH=9.18) and phthalate standard solution (pH=4.01) are shown in . Under the neutral condition, the melting temperature of the hydrated solid is around 50 as is shown in , whereas it is almost unchanged at pH=4.01 and increases dramatically at pH=9.18. In addition, the melting temperature shows concentration dependence at pH=9.18. Concerning the clouding phenomenon observed at neutral condition, it is not observed for both acidic and basic condition. It was reported that dipalmitoylphosphatidylcholine acts as amphoteric surfactant between pH=4 and pH=11, and acts as anionic surfactant at pH=12, and as cationic surfactant at pH=3 29) . It is also known that anionic and cationic surfactants normally do not show clouding phenomenon. Therefore, from these results it was considered that the clouding phenomenon in the water/lysophopholipid system depended on the components other than lysophosphatidylcholine contained in lysophospholipid sample.
3
The addition of water-soluble polyhydric alcohols often influences the surfactant self-assembled structure and the phase behavior due to direct incorporation in the selfassemblies or changing the solvent nature depending on the molecular structure of the polyhydric alcohols 30) . The effect of different polyhydric alcohols such as propyleneglycol (PG), glycerol (Gly) and 1,3-butanediol (BD) on the phase behavior of the aqueous lysophospholipid system is studied and the phase behavior is shown in . The water-to-polyhydric alcohol weight ratio is fixed at 9/1. In the case of glycerol, the phase behavior is basically analogous to that of the system without glycerol, but the melting temperature of the hydrated solid and the clouding temperature slightly rise, and the phase boundary between the micellar phase and the liquid crystalline phase shifts to higher surfactant concentration. The addition of 1,3-butanediol also has little effect on the temperature range for the micellar solution phase, but more effective on the liquid crystal formation. 
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alcohols among those employed in the present study are propyleneglycol. Although the melting temperature of the hydrated solid is almost unchanged, the clouding temperature is not observed at least up to 100 , and the liquid crystalline phase shifts to higher surfactant concentration. Summarizing the polyhydric alcohol effect on the aqueous lysophospholipid system, these polyhydric alcohols are not effective on the melting of the hydrated solid but effective on the liquid crystal formation, especially diols are more effective. Concerning the micellar region in the concentration-temperature phase diagram of the aqueous lysophospholipid system, addition of propyleneglycol is effective to expand the micellar phase region with respect to both temperature and surfactant concentration, as was also observed in acidic condition ( ).
4
The effect of added sodium chloride on the phase behavior in the aqueous lysophospholipid system was studied, and the phase diagrams are presented at different NaCl concentration in water (1 wt% and 3 wt%) in . In both phase diagrams, phase sequence is almost the same as that observed in the salt-free system, but slight influence of the salt is seen on the temperature and composition of the phase boundaries. The melting temperature of the hydrated solid phase rises about 10 in the system with 3wt% of NaCl aqueous solution, but the clouding temperature is 30, 31) . Moreover it has been reported that the effect of incorporation of electrolyte on the melting temperature of hydrated solid in the water/amphoteric surfactant systems is dependent on the chemical structure of amphoteric surfactant 31, 32) . To compare the effect of different inorganic salts on the melting temperature of the hydrated solid and the clouding temperature, we studied these temperatures at a fixed surfactant concentration by changing the salt concentration in water. The results are plotted in . The melting temperature of the hydrated solid decreases with the addition of NaSCN and almost unchanged with the NaI, whereas it increases with the chloride or bromide salts. The effect of inorganic salts on the melting temperature of hydrated solid in the water/lysophospholipid system was different from that of conventional amphoteric surfactant systems. On the other hand, the trend is almost opposite for the cloud temperature. It is well-known that the effect of salts on the clouding or HLB temperature of poly(oxyethylene)-type nonionic surfactant systems follows the order of Hofmeister series of anions, SO 4 ->F ->Cl ->Br ->NO 3 ->I -> SCN -, which is known as the order and strength of saltingin or -out effect for proteins and nonionic surfactants. Generally the cloud temperature decreases with the addition of salting-out anion such as Cl -and Br -whereas increases with the salting-in anions such as SCN -and I -. In other words the salting-out anions dehydrate the surfactant hydrophilic group and the salting-in anions give more hydration to the hydrophilic group. If we look back the present results, the order and the strength of the effect of inorganic salts on the properties of the lysophospholipid are approximately described by the Hofmeister series.
5
Froth volume stability parameter (FVS) was calculated by the following equation for the systems with different inorganic salts, and the results are plotted in as a function of time.
where V t and V i indicate froth volume at a time t and initial froth volume (120 mL), respectively. The FVS of the salt-free system decreases monotonously and reaches down to about 30 after 5 h. With the addition of NaSCN or NaI the FVS decreases with time in a manner similar to the case of salt-free system. On the other hand the FVS almost maintain the initial value after 5 h with addition of chloride or bromide salts. These observation immediately remind us the trend observed in the previous section or the correlation with the Hofmeister series. Shrestha et al. reported the stabilization of aqueous and nonaqueous froth by the solid or liquid crystal particles of glycerol fatty acid esters 27, 28, 33, 34) . The phase bahavior of the aqueous and nonaqueous system of the glycerol fatty acid esters shows the similar solid phase behavior as observed in the present lysophospholipid system, in which the solid melting tem- perature is almost unchanged with the surfactant concentrations. is the photographs of the samples for the froth stability study. Apparently these can be separated in two groups, one gives precipitation and the other does not. This difference seems to correlate with the trend in the froth stability, i.e. the samples giving precipitations also give stable froth. Average particle size measured by the laser diffraction technique is about 60 mm in the precipitated samples and about 20 mm in the other samples. Although a similar trend is also observed in a literature 28) , precise reasons or mechanisms are still unknown.
CONCLUSION
Phase behavior in the binary water/lysophopholipid system was studied as functions of surfactant concentration and temperature. As is observed in conventional ionic surfactant systems, a micellar phase and a liquid crystalline phase are observed depending on the surfactant concentration. Below the temperature for the micellar and liquid crystalline regions, hydrated solid is formed, being often observed in ionic surfactant systems. However, interestingly, clouding phenomenon also takes place at higher temperature, that is typically observed in nonionic surfactant systems. The effect of polyhydric alcohols and inorganic salts on the phase behavior was also studied. Glycerol and 1,3-butanediol have almost no effect on the phase behavior, whereas propyleneglycol makes clouding temperature unobserved. Inorganic salts affect the melting temperature of the hydrated solid and the clouding temperature. Chloride or bromide salts such as NaCl, that is known to have salting-out effect, decrease the melting temperature of the hydrated solid, whereas they increase the clouding temperature. Inorganic salts having salting-in effect such as NaSCN or NaI shows opposite trend. The pH of aqueous phase also affects the phase behavior. In acidic condition, the melting temperature of the hydrated solid is almost unchanged, whereas the clouding phenomenon is not observed. In basic condition, the melting temperature of hydrated solid rises, while the cloud temperature is not observed. The froth stability was evaluated by measuring froth volume as a function of time. The froth stability is very much affected by the addition of inorganic salts, and the trend of the melting temperature change correlates with the trend of the froth stability change.
In conclusion, we revealed the phase behavior in water/lysophospholipid system with inorganic salts and polyhydric alcohols. Moreover, we confirmed that the froth stability was correlated with the phase behavior in water/lysophospholipid system with inorganic salts. 
